Molecular chaperones help nascent polypeptides fold correctly and multimeric protein complexes assemble productively, while minimizing the danger of aggregation in the protein-rich intracellular environment. Heat shock protein 90 (HSP90) is an evolutionarily conserved molecular chaperone that participates in stabilizing and activating more than 200 proteinsreferred to as HSP90 'clients' -many of which are essential for constitutive cell signalling and adaptive responses to stress 1,2 . To accomplish this task, HSP90, the chaperone HSP70, and additional proteins termed co-chaperones form the dynamic complex known as the HSP90 chaperone machine 3 . Cancer cells use the HSP90 chaperone machinery to protect an array of mutated and over expressed oncoproteins from misfolding and degradation. Therefore, HSP90 is recognized as a crucial facilitator of oncogene addiction and cancer cell survival 4 .
Molecular chaperones help nascent polypeptides fold correctly and multimeric protein complexes assemble productively, while minimizing the danger of aggregation in the protein-rich intracellular environment. Heat shock protein 90 (HSP90) is an evolutionarily conserved molecular chaperone that participates in stabilizing and activating more than 200 proteinsreferred to as HSP90 'clients' -many of which are essential for constitutive cell signalling and adaptive responses to stress 1, 2 . To accomplish this task, HSP90, the chaperone HSP70, and additional proteins termed co-chaperones form the dynamic complex known as the HSP90 chaperone machine 3 . Cancer cells use the HSP90 chaperone machinery to protect an array of mutated and over expressed oncoproteins from misfolding and degradation. Therefore, HSP90 is recognized as a crucial facilitator of oncogene addiction and cancer cell survival 4 .
In the past 5 years, the complex nature of HSP90 regulation and the many ways in which it participates in cell physiology have been clarified. Considerable progress has been made in understanding the dynamic conformational flexibility of HSP90 and in recognizing the contribution made by post-translational modifications to the regulation of the HSP90 chaperone machine. HSP90 is now known to be a key mediator of cellular homeostasis 5 , a function that it accomplishes partly by facilitating numerous transient low-affinity protein-protein interactions 6 . Recent bioinformatic and proteomic analyses have uncovered several previously unrecognized roles for HSP90 in regulating cell physiology under normal and stressed conditions 2, 7, 8 , and the involvement of the chaperone in transcriptional regulation and chromatin remodelling, although previously appreciated 9 , is now being studied more extensively 10, 11 . Progress in the clinical evaluation of targeting HSP90 in cancer has also been evident. The first HSP90 inhibitor, 17-AAG (tanespimycin), entered clinical trials in 1999. In 2004, a second HSP90 inhibitor, 17-DMAG (alvespimycin), entered a first-in-human study. Owing to extensive efforts in rational drug design and discovery 12, 13 , 13 HSP90 inhibitors are currently undergoing clinical evaluation in cancer patients, 10 of which have entered the clinic in the past 3 years 14 . Considerable progress has also been made in identifying optimal cancer indications and effective drug combinations 15 . This Review describes recent advances in our understanding of HSP90 regulation and function as they affect cancer biology and inform the use of HSP90 inhibitors for the treatment of cancer.
Conformational flexibility of HSP90
HSP90 is a member of a small superfamily of functionally unrelated proteins (that also comprises DNA gyrase, histidine kinase and the DNA mismatch repair protein MutL) that possess a unique ATP-binding pocket that is distinct from the ATP-binding cleft of protein kinases 16 . The conserved chaperone structure consists of three domains: an amino terminal region (N domain) that contains an ATP and drug-binding site and co-chaperone-interacting motifs; a middle (M) domain that provides docking sites for client proteins and co-chaperones, and which participates in forming the active ATPase; and a carboxy-terminal (C) domain that contains a dimerization motif, a second drug-binding region and interaction sites for other co-chaperones [17] [18] [19] . Dimerization of two HSP90 protomers through their C domains is necessary for chaperone function 20 . Although HSP90 is primarily a cytoplasmic protein, mammalian cells also express two compartmentally restricted HSP90 homologues (BOX 1) . HSP90 is also secreted from and found on the surface of cancer cells
.
Oncogene addiction
The hypothesis that tumours arising as a result of a particular oncogenic lesion are dependent on the continued expression of that oncogene.
Kinetochore
Specialized assembly of proteins that binds to a region of the chromosome called the centromere and is essential for chromosome segregation during eukaryotic cell division.
various biophysical techniques have indicated that HSP90 cycles through several conformations that ultimately result in correctly orienting the N and M domains to form an active ATPase 18, [21] [22] [23] [24] [25] (FIG. 1;  see Supplementary information S1 (movie)). HSP90 inhibitors currently under clinical evaluation all disrupt the chaperone cycle by replacing ATP in the N domain nucleotide-binding pocket 16 .
Co-chaperones modulate HSP90 function
Co-chaperones of HSP90 have diverse effects on HSP90 function in eukaryotes (FIG. 2) . Some co-chaperones, including activator of HSP90 ATPase 1 (AHA1), prostaglandin e synthase 3 (PTGeS3; also known as p23), STIP1 (also known as p60HOP), and cell division cycle 37 homologue (CDC37), modulate the rate of the HSP90 cycle by affecting the conformational dynamics of the chaperone 18, 21, [26] [27] [28] [29] [30] (FIG. 1) . Co-chaperone-mediated modulation of the HSP90 cycle rate is an important means of regulating the dwell time of client proteins in the chaperone complex 31 . Some co-chaperones are adaptors that deliver specific substrates to HSP90. For example, CDC37 delivers protein kinase clients, and STIP1 participates in delivering steroid hormone receptor clients to HSP90 . Steroid hormone receptor function is further modified by other co-chaperones, including FKBP51and FKBP52 (ReF. 36) . The co-chaperone suppressor of G2 allele of SKP1 (SuGT1; also known as SGT1) associates with the N domain of HSP90 to assemble the core kinetochore complex, which is the initial step in kinetochore assembly 37 . The co-chaperones TAH1 and PIH1 are required for HSP90 to chaperone the nascent forms of several ribonucleo proteins that participate in processes as diverse as ribosome synthesis, DNA replication, telomere maintenance and antioxidant defence 38 . In addition, these co-chaperones link HSP90 to the chromatin-remodelling factors RvB1 and RvB2, suggesting that HSP90 also participates in the epigenetic modulation of transcription 10 .
Other co-chaperones affect HSP90 function by catalysing reactions such as ubiquitin ligation (the e3 ubiquitin ligase CHIP) and dephosphorylation (the phosphatase PP5). CHIP-dependent ubiquitylation of HSP90 clients directs them to degradation in the proteasome, thus short circuiting additional cycles of chaperone-mediated refolding 35 . In cells, PP5-mediated dephosphorylation of CDC37 regulates the ability of HSP90 to chaperone the protein kinase RAF1, inhibits RAF1-dependent MAPK activation and sensitizes cells to HSP90 inhibition 39 .
Co-chaperone expression may also affect cancer cell sensitivity to HSP90 inhibitors. The deletion of p23 in yeast causes hypersensitivity to the structurally dissimilar natural product inhibitors geldanamycin and radicicol (which is isolated from the soil-borne fungus Humicola fuscoatra), and overexpression of this co-chaperone, as is seen in cancer 40 , protects cells from these drugs 29 . Similarly, silencing of AHA1 or CDC37, which are also
Box 1 | Homologues of HSP90
The molecular chaperone heat shock protein 90 (HSP90) homologue glucose-regulated protein 94 (GRP94) is found in the endoplasmic reticulum (ER), whereas tumour necrosis factor receptor-associated protein 1 (TRAP1) is localized to mitochondria. Like other HSP90 proteins, both GRP94 and TRAP1 possess ATPase activity but both lack known co-chaperones [155] [156] [157] . Recent studies suggest that GRP94 is essential for the maturation and secretion of insulin-like growth factors, which are autocrine mitogens that have a key role in transformation. ATP binding and hydrolysis are essential for the chaperone activity of GRP94, and a comparison of the nucleotide-binding pocket of GRP94 with that of HSP90 suggests that GRP94-specific inhibitors can be designed 155, 158 . In light of these recent findings, GRP94 should be evaluated as a bona fide anticancer target.
TRAP1 protects mitochondria from oxidative stress 159, 160 . Intriguingly, TRAP1 expression is low in the mitochondria of normal tissues (with the exception of the brain and testis) but is markedly increased in tumour mitochondria 161 . TRAP1 silencing in prostate cancer cell lines caused apoptosis, as did its targeting with mitochondria-specific HSP90 inhibitors 162 . TRAP1 inhibition leads to the collapse of mitochondrial integrity, cytochrome c release, and caspase activation in several tumour cell lines and in several murine tumour models with little effect on non-transformed cells and minimal in vivo toxicity 161 . Like HSP90, TRAP1 is a phosphoprotein the phosphorylation of which by PTEN-induced putative kinase 1 is necessary to prevent oxidative stress-induced apoptosis 163 .
At a glance
• Heat shock protein 90 (HSP90) is a molecular chaperone of numerous oncoproteins.
Therefore, cancer cells can be considered to be 'addicted' to this molecule.
• HSP90 is also a mediator of cellular homeostasis. As such, it facilitates numerous transient low-affinity protein-protein interactions that have only recently been identified using bioinformatic and proteomic techniques.
• Although primarily a cytoplasmic protein, HSP90 affects diverse nuclear processes, including transcription, chromatin remodelling and DNA damage-induced mutation.
• HSP90 is a conformationally dynamic protein. ATP binding to the amino (N) domain and its subsequent hydrolysis by HSP90 drive a conformational cycle that is essential for chaperone activity.
• In eukaryotes, co-chaperones and post-translational modifications regulate both client interactions with HSP90 and HSP90 ATPase activity.
• Co-chaperones and post-translational modifications can also affect the efficacy of HSP90 inhibitors.
• HSP90 inhibitors currently under clinical evaluation interact with the N domain ATP-binding pocket, prevent ATP binding, and stop the chaperone cycle, leading to client protein degradation.
• Because of the HSP90 client repertoire, HSP90 inhibitors may combat oncogene switching, which is an important mechanism of tumour escape from tyrosine kinase inhibitors.
• Derivatives of the coumarin antibiotic novobiocin represent an alternative strategy for inhibiting HSP90 by targeting a unique carboxy-terminal (C) domain.
• Optimal development of HSP90-directed therapeutics will depend on synthesizing information gained from careful genetic analysis of primary and metastatic tumours with an understanding of the unique environmental context in which the tumour is thriving at the expense of the host.
Apoptosome
A caspase-activating complex that is formed when cytochrome c is released from mitochondria. It initiates oligomerization of APAF1, which binds procaspase-9 and thereby initiates the caspase cascade that leads to programmed cell death.
S-nitrosylation
The covalent attachment of a nitrogen monoxide group to the thiol side chain of cysteine.
overexpressed in cancer 33 , sensitizes cancer cells to both geldanamycin and 17-AAG (the clinical drug derived from geldanamycin) 41, 42 . Therefore, targeting these proteins, or their interaction with HSP90, might be therapeutically beneficial, especially when combined with HSP90 inhibitors 42 .
Post-translational modification of HSP90 Phosphorylation. HSP90 is subject to several posttranslational modifications that affect its chaperone function 1, 43 (FIG. 2) . early studies reported hyperphosphory lation of HSP90 in response to serine/threonine phosphatase inhibition, leading to reduced association with its client kinase p60
v-src in NIH3T3 cells 44 . More recently, PP5 was shown to dephosphorylate HSP90 in vitro, and its deletion in yeast cells inhibited HSP90 function 45 . Together with the effect of PP5 on CDC37, discussed above, these data point to the importance of regulated phosphorylation and dephosphorylation for the proper functioning of the HSP90 chaperone machinery.
The phosphorylation status of several individual serine, threonine and tyrosine residues has been shown to uniquely affect HSP90 function. vascular endothelial growth factor receptor 2 (veGFR2)-associated HSP90 is phosphorylated on Tyr301 by SRC, and this is essential for veGFR2-induced angiogenesis 46 . Similarly, phosphory lation of Ser226 and Ser255 in HSP90 regulates apoptosome formation by modulating the affinity of HSP90 for apoptotic peptidase activating factor 1 (APAF1) in non-transformed cells. Constitutively reduced phosphorylation of Ser226 and Ser255 in some leukaemias strengthens HSP90-APAF1 association, abrogates cytochrome c-induced apoptosome assembly and confers chemoresistance 47 . HSP90 has been identified as a substrate of the kinases BRAF 48 and casein kinase II (CK2) 49 . Although the effect of BRAF-mediated HSP90 phosphorylation is unknown, CK2-mediated phosphorylation is required for HSP90 to chaperone several kinases, including CK2 itself 50 . As BRAF and CK2 are HSP90 clients, it is possible that HSP90 phosphorylation by certain client kinases establishes a positive feedback loop ensuring their chaperone-dependent stabilization and activity.
The relationship between the tyrosine kinase wee1 and HSP90 supports this hypothesis. wee1 is an HSP90 client protein that regulates the G2/M transition in the cell cycle by phosphorylating cyclin-dependent kinase 1 (CDK1) 51 . wee1 also directly phosphorylates a conserved tyrosine residue in the N domain of HSP90 (ReFS 52, 53) . This positively influences the ability of HSP90 to chaperone a select group of client protein kinases with cancer relevance, including HeR2 (also known as eRBB2), p60
v-src , RAF1, CDK4 and wee1 itself, but it negatively affects geldanamycin and 17-AAG binding to HSP90. wee1 silencing or its pharmacological inhibition in cancer cells, sensitizes these cells to HSP90 inhibition. A more detailed understanding of HSP90 phosphorylation could provide new strategies to increase the efficacy of HSP90 inhibitors and retard or reverse the acquisition of resistance to these drugs.
Acetylation. The effect of HSP90 acetylation on chaperone activity has been extensively examined. Acetylation of HSP90 has been observed in cells treated with histone deacetylase (HDAC) inhibitors or after silencing of HDAC6, and this correlates with the destabilization of several HSP90 client proteins [54] [55] [56] [57] . At least 11 lysine residues in HSP90 have been found to be acetylated 56, 57 (PhosphoSitePlus ® website; see Further information). HSP90 hyperacetylation that is induced by HDAC inhibition abrogates p23, client protein and ATP binding, and enhances the binding of N domain inhibitory drugs 55, 57 . In some murine tumour models, especially leukaemias, the combination of HDAC and HSP90 inhibitors is synergistic 57 . However, antagonism has been observed in several murine solid tumour models, suggesting that the outcome of this drug combination might depend on tumour type, host microenvironment and other factors 58 .
S-nitrosylation. S-nitrosylation is another posttranslational modification of HSP90. Nitric oxide (NO)-mediated nitrosylation of Cys597 in the HSP90
C domain inhibits chaperone activity in endothelial cells 59 . Cys597 is in the middle of a conformational switch region in the HSP90 C domain that molecular modelling suggests is able to transmit structural information to the HSP90 N domain 60 . S-nitrosylation of Cys597 inhibits HSP90 ATPase activity 61 , confirming the hypothesis that environmentally generated structural cues propagate between spatially distant regions of HSP90 to affect chaperone function. Some of the observed anti-tumour activity of exogenously administered NO may result from its inhibition of HSP90 in cancer cells. Supporting this hypothesis, an earlier report described NO-mediated telomere shortening that was dependent on HSP90 inhibition 62 . These findings are consistent with the crucial role of HSP90 in maintaining telomerase activity 63 , and with the importance of telomere maintenance to the immortality of cancer cells.
Box 2 | Extracellular HSP90
Recent studies indicate that molecular chaperone heat shock protein 90 (HSP90) is not confined to the intracellular environment. Many types of cells express HSP90 on the cell surface and secrete HSP90 into the extracellular space 164, 165 . Moreover, the level of HSP90 on the cell surface is higher in cancer cells than in normal cells and correlates with metastasic activity 166 . Blocking or neutralizing secreted HSP90 has been shown to inhibit cell motility in vitro and tumour metastasis in vivo 167 . Although the molecular mechanisms underlying HSP90 secretion are not fully understood, secretion is stimulated by environmental stresses and growth factors 168, 169 , and is affected by post-translational modifications to the chaperone, including phosphorylation and acetylation 57 . HSP90 secretion may also be conformationally restricted and affected by nucleotide-dependent modulation of amino terminal (N) region and middle (M) domain interaction 170 . HSP90 stimulates cell migration through its interaction with the cell surface receptor CD91, and this property is independent of its ability to bind and hydrolyse ATP 168 . In addition, HSP90 binds to the extracellular domain of HER2 (also known as ERBB2), and a neutralizing antibody against extracellular HSP90 attenuates heregulin-induced HER2 phosphorylation, downstream kinase signalling, rearrangement of the actin cytoskeleton and subsequent cell migration 171 . Specific inhibition of extracellular HSP90 does not affect cancer cell proliferation in vitro or tumour xenograft growth in vivo 167 . Therefore, in contrast to intracellular HSP90, the functions of which encompass but are not limited to the regulation of cell migration 172 , the function of extracellular HSP90 seems to be restricted to the regulation of cell motility and metastasis. Nature Reviews | Cancer 
HSP90 modulates nuclear events
Effects of HSP90 on transcription. Approximately 3% of the intracellular HSP90 pool is found in the nucleus 64 , and the chaperone can regulate several nuclear events (FIG. 3) . HSP90 regulates the activity of steroid hormone receptors (SHRs), including glucocorticoid, androgen and oestrogen receptors. Several SHRs are important cancer-related proteins and are validated anticancer molecular targets 65 . Because SHRs shuttle between the cytoplasm and the nucleus, and demonstrate distinct activities in each cellular compartment, regulation of both SHR subcellular distribution and transcriptional activity are key determinants of their function. The HSP90 machine has a complex but crucial role in integrating these processes by regulating SHR cellular location, protein stability, competency to bind ligand and transcriptional activity 66 . HSP90 also regulates the activity of the heat shock transcription factor 1 (HSF1). In mammalian cells exposed to proteotoxic stress, or to an HSP90 inhibitor such as geldanamycin, HSF1 monomers dissociate from HSP90, undergo trimerization, nuclear translocation and activation, and subsequently upregulate the coordinate expression of heat shock proteins, including HSP70 (ReF. 67) . HSP90 is also required for the disassembly of transcriptionally active HSF1 trimers in Xenopus laevis oocytes, and the inhibition of HSP90 by geldanamycin increases HSF1 trimer stability and prolongs the heat shock response, providing an additional mechanism for HSP90 inhibitor-mediated enhancement of HSF1 activity 68 . Beyond transcriptional regulation of the heat shock response, HSF1 regulates the expression of numerous other genes that are involved in cell survival under stressful conditions. Recently, HSF1 expression has been shown to be an important facilitator of oncogenesis 69, 70 , and efforts are underway to identify HSF1 inhibitors 71 . In addition to their potential use as anticancer drugs, such agents may increase the efficacy of HSP90 inhibitors.
HSP90 affects other nuclear events in addition to its regulation of SHRs and HSF1 (ReF. 10) (FIG. 3) . BCL-6 is a transcriptional repressor of genes such as ataxia telangiectasia and Rad3-related (ATR) and TP53 and is oncogenic in diffuse large B cell lymphomas (DLBCLs) 72, 73 . HSP90 binds to BCL-6, and this complex represses BCL-6 target genes 74 . The HSP90 inhibitor PuH71 rapidly reduces BCL-6 expression by decreasing BCL-6 protein stability. This derepresses BCL-6 target genes and causes apoptosis of DLBCL cells, suggesting that the HSP90-BCL-6 interaction is crucial for DLBCL cell survival 74 . HSP90 inhibitors are also expected to have a deleterious impact on HSP90-dependent transcription factors that have tumour suppressor properties, such as interferon regulatory factor 1 (IRF1). Loss of IRF1 expression cooperates with Ras mutation to transform cells, and the deletion of IRF1 is associated with certain cancers 75 . HSP90 positively regulates IRF1, modulating both IRF1 protein turnover and transcriptional activity 76 . HSP90 inhibition promotes IRF1 degradation, in a manner similar to its effect on other HSP90 client proteins. IRF1 transcriptional activity is inhibited before its degradation, suggesting that HSP90 also affects IRF1 binding to DNA. Therefore, the cumulative effect of HSP90 inhibition on HSP90-regulated transcriptional events is multifactorial and will almost certainly depend on the duration of HSP90 inhibition and the cellular context in which it occurs.
Effects of HSP90 on chromatin. The co-chaperones TAH1 and PIH1 link HSP90 to the chromatin remodelling factors RvB1 and RvB2 (ReF. 10) . In Drosophila melanogaster, the association of trithorax (Trx) (a member of the TrxG gene family that encodes proteins that participate in chromatin remodelling) with HSP90 is required for the maintenance of active chromatin at sites of gene expression 11 . MLL (the mammalian orthologue of D. melanogaster Trx) also depends on HSP90 (ReF. 11). As MLL fusion proteins are strongly leukaemogenic 77 , targeting HSP90 may be a new approach to treating these cancers. factors, current models propose that ATP binding and hydrolysis, as well as a precisely sequenced interaction with an array of co-chaperones, subtly shift the conformational equilibrium, presumably by lowering the energy barrier between certain conformations, thus providing directionality to the HSP90 cycle 23, 26, 27 . ATP binding to the undimerized (open) amino terminal (N) domain of HSP90 promotes repositioning of a 'lid' segment (red) that leads to transient dimerization of the N domains. Subsequent structural rearrangements result in the 'closed and twisted' conformation of HSP90 that is committed to ATP hydrolysis. Binding of the co-chaperone activator of HSP90 ATPase 1 (AHA1) enhances the rate of ATP hydrolysis-dependent HSP90 cycling by increasing the rate of the conformational alterations that result in the acquisition of ATPase competence. The dashed arrow reflects the difficulty of HSP90 in achieving the ATPase-competent conformation in the absence of AHA1. The co-chaperones STIP1 (also known as p60HOP) and cell division cycle 37 homologue (CDC37), and N domain-binding HSP90 inhibitors, exert an opposite effect to that of AHA1 by preventing the initial structural changes necessary for N domain dimerization. Prostaglandin E synthase 3 (PTGES3; also known as p23) slows the ATPase cycle by stabilizing the closed conformation that is committed to ATP hydrolysis. C, carboxy-terminal domain; M, middle domain; P i , inorganic phosphate. Nature Reviews | Cancer 
HSP90

Co-chaperones
Post-translational modifications
Clients • CDC37 • STIP1 • PP5 • AHA1 • p23 • CHIP • TAH1 • PIH1 • SGT1 • FKBP51 • FKBP52 • Phosphorylation • Acetylation • S-nitrosylation •
Transposon
Mobile genetic element that can insert in different positions in the genome and cause mutations.
Piwi-interacting RNA (piRNA)
A class of germline-specific small RNA molecule that suppresses transposon mobility by RNA silencing.
Castrate-resistant prostate cancer
Prostate cancer that no longer responds to androgen deprivation therapy.
Prostate-specific antigen (PSA)
A protein produced by the prostate that is increased in the blood of men with prostate cancer, benign prostatic hyperplasia, or infection and inflammation of the prostate.
Another chromatin-modifying enzyme, the arginine methyltransferase PRMT5, has been identified as an HSP90 client, and HSP90 inhibition caused a decrease in PRMT5 expression in several cancer cell lines 58 . PRMT5-mediated methylation negatively regulates two tumour suppressor genes, ST7 and NM23 (ReF. 78) . HSP90 inhibitors might promote their derepression, although this remains to be examined.
The histone methyltransferase SMYD3 is overexpressed in several cancers, including hepatocellular carcinoma and colorectal cancer, and it may have an important role in carcinogenesis, as it promotes proliferation 79 . SMYD3 methylates Lys4 on histone H3 (H3-K4). In vitro, this activity is enhanced by HSP90, with which SMYD3 interacts in cells, and HSP90 inhibitor treatment suppresses SMYD3 activity in cancer cells 79 . The less characterized methyltransferase SMYD2 is also overexpressed in some cancers and has been implicated in malignant progression 80 . Like SMYD3, SMYD2 interacts with HSP90 and its activity is enhanced by HSP90 association 81 .
The effects of HSP90 on DNA mutation. HSP90 facilitates the folding of DNA polymerase-η into an active conformation, and its activity is inhibited by 17-AAG, thus sensitizing cells to the cytotoxic effects of ultraviolet radiation 82 . A similar mechanism may contribute to the reported hypersensitivity of HSP90 inhibitor-treated cancer cells to other DNA-damaging agents. HSP90 inhibition might also retard DNA polymerase-η-mediated mutagenic events that allow cancer cells to acquire more malignant phenotypes 82 . However, HSP90 inhibition may not always suppress DNA mutation. In D. melanogaster, HSP90 is required for the suppression of transposon activity in germ cells 83 . Transposons are suppressed by an RNA-silencing mechanism that is mediated by Piwiinteracting RNAs (piRNAs) 84 . Biogenesis of these small RNAs requires HSP90. Inactivating mutations of the chaperone, or HSP90 inhibitor treatment, reduces piRNA expression, enhances transposon mobility and results in de novo mutations 83 . Loss of PRMT5 activity causes decreased methylation of several piRNAinteracting proteins, and decreases piRNA expression in D. melanogaster germ cells 85 . The effect of HSP90 inhibitors (described above) on PRMT5 may contribute to their ability to abrogate piRNA-mediated regulation of transposon mobility. Identification of HSP90 as a suppressor of transposable element-induced mutations thus raises the possibility that, in contrast to their effect on DNA polymerase-η-generated mutations, HSP90 inhibitors might increase mutation frequency in certain contexts.
HSP90 inhibitor clinical trials
There are now 13 HSP90 inhibitors undergoing clinical evaluation (TABLe 1) , and 23 active HSP90 inhibitor oncology trials 14 . Although there are currently no approved HSP90-targeted drugs, there has been considerable progress on several fronts, and potential routes to approval are becoming apparent. One important advance has been in the drugs themselves. 17-AAG is undergoing Phase III evaluation with an improved formulation that overcomes several toxicities that were common to earlier trials 14 . At the same time, several chemically distinct HSP90 inhibitors with improved properties, including oral biological availability, have recently entered the clinic or will soon undergo clinical evaluation. A second area of advance is in choosing the appropriate indication. Recent preclinical and disease-specific clinical studies have illuminated some key points to consider in the further development of HSP90 inhibitors.
HSP90 and prostate cancer: tumour microenvironment and target complexity may complicate clinical efficacy.
Initial preclinical observations suggested that castrateresistant prostate cancer might respond favourably to HSP90 inhibitor therapy because the activity of several HSP90 client proteins, including androgen receptor (AR), remains crucial for disease progression. Nevertheless, IPI-504 (retaspimycin), a water-soluble stabilized dihydroquinone form of 17-AAG, was not efficacious as monotherapy in castrate-resistant prostate cancer in a Phase II trial. Although 1 of 4 patients without bony metastases had a prostate-specific antigen (PSA) decline of 48% from baseline after 9 cycles of treatment, 15 patients in the study had bony metastatic disease, and no PSA decline or objective responses were Numerous co-chaperones assist heat shock protein 90 (HSP90) in its chaperone activity. Co-chaperones modulate HSP90 ATPase activity and so determine the rate of chaperone cycling (for example, cell division cycle 37 homologue (CDC37), activator of HSP90 ATPase 1 (AHA1), p23 and STIP1 (also known as p60HOP)), recruit certain classes of client proteins to HSP90, and/or participate in chaperoning specific categories of clients (such as CDC37, STIP1, TAH1, PIH1, suppressor of G2 allele of SKP1 (SUGT1; also known as SGT1), FKBP51 and FKBP52) and posttranslationally modify HSP90 itself, its co-chaperones and its client proteins (such as PP5 and CHIP). Post-translational modifications profoundly affect HSP90 function by affecting co-chaperone and client interaction, ATP binding and ATP hydrolysis. The three major regulatory posttranslational modifications are phosphorylation, acetylation and S-nitrosylation. An updated list of HSP90-interacting co-chaperones and HSP90-dependent client proteins can be found at the Picard laboratory website (see 
RECIST
A set of published rules that define when cancer patients improve ('respond'), stay the same ('stable') or worsen ('progression') during treatments.
observed in this cohort 86 . Lack of clinical benefit was also reported in a Phase II trial of 17-AAG in patients with castrate-resistant prostate cancer 87 . These findings are consistent with data in mice showing that experimental prostate cancer growth in bone is enhanced by 17-AAG as a consequence of localized transient activation of SRC signalling in the tumour microenvironment 88 . Furthermore, the cooperative interaction between AR and HSP27 facilitates AR transcriptional activity 89 . As HSP27 is induced subsequent to HSP90 inhibition, this may provide an additional mechanism for antagonizing the expected anticancer activity of HSP90 inhibitors in this setting.
Drug dose and schedule considerations.
Clinical investigators must also ascertain whether the chosen drug dose and schedule of drug delivery is sufficient to affect intratumoral HSP90 function long enough to influence the growth and/or viability of the cancer. For example, a Phase II trial of 17-AAG reported no objective clinical responses in patients with metastatic melanoma 90 .
However, pharmacodynamic evaluation of tumour biopsy samples taken before and after drug treatment revealed minimal HSP90 inhibition. Therefore, even though preclinical data are promising for this indication 91, 92 , the identification of a drug formulation and schedule capable of providing a more prolonged suppression of tumour HSP90 activity is necessary to determine whether significant clinical responses are attainable.
The importance of client driver protein sensitivity: HER2. By contrast, promising results have been seen with HSP90 inhibitors in HeR2-positive breast cancer, and they emphasize the value of choosing a cancer that is driven by an HSP90 client protein, such as HeR2, that is exceptionally sensitive to HSP90 inhibition 93 . In a Phase II trial in patients with HeR2-positive metastatic breast cancer and progressive disease following trastuzumab treatment, patients received standard weekly doses of trastuzumab together with 17-AAG. using Response evaluation Criteria In Solid Tumours (ReCIST) criteria, investigators reported a response rate of 24%, and an overall clinical benefit (including stable disease) was seen in 57% of evaluable patients 94 . Given these results, there is interest in further evaluating 17-AAG and other HSP90 inhibitors in patients with HeR2-positive cancer (NCT01081600 and NCT00526045). Preclinical studies suggest that HSP90 inhibitors may also have activity in cancers harbouring HeR2 mutations and in triple-negative breast cancer [95] [96] [97] .
Multiple myeloma: is proteotoxic stress a predictor of HSP90 inhibitor efficacy? HSP90 inhibitors have also shown promising activity in multiple myeloma. In Phase I and II clinical trials, 17-AAG sensitized tumours to the proteasome inhibitor bortezomib, and in some cases overcame bortezomib resistance 98 . As a result of HSP90 inhibition, many cellular proteins are targeted for degradation in the proteasome. when combined with a proteasome inhibitor, HSP90 inhibition can overload the protein degradation machinery and lead to apoptosis 99 . It is likely that the biology of multiple myeloma, a tumour that is highly sensitive to proteotoxic stress and strongly dependent on efficient proteasome function for maintenance of cell viability, may cause these tumours to be extremely sensitive to the dual inhibition of HSP90 and the proteasome 100 . Furthermore, clinical trial data suggest that HSP90 inhibitors may ameliorate bortezomibinduced neuropathy, potentially through the induction of HSP70, which has been shown to have a pro-survival function in neuronal cells 101 . In vitro, HSP90 inhibitors enhance natural killer (NK)-dependent recognition and lysis of myeloma cells, providing an additional rationale for the use of these agents in this indication 102 
. As the combination of 17-AAG and bortezomib has been associated with durable responses in heavily pretreated patients with multiple myeloma, this regimen was recently evaluated in a randomized Phase II/III clinical trial (NCT00514371), and additional HSP90 inhibitors are also being evaluated in this setting (NCT00708292 and NCT01063907). b | The importance of HSP90 in regulating heat shock transcription factor 1 (HSF1) activity is also shown. c | The effect of HSP90 on SMYD3-mediated histone methylation and its effect on the transcription of cancer-associated genes, such as NKX, WNT and C/EBP. d | An HSP90-BCL6 complex suppresses the transcription of several tumour suppressor genes and contributes to tumorigenesis. ATR, ataxia telangiectasia and Rad3-related; DHT, dihydrotestosterone; HRE, hormone response element; HSE, heat shock element; P, phosphorylation; PSA, prostate-specific antigen; RNA Pol II, RNA polymerase II.
Triple-negative breast cancer
Breast cancer that lacks expression of oestrogen, progesterone and HeR2 receptors.
Neuropathy
Refers to any disease or injury affecting nerves or nerve cells. 
Graft-versus-host disease
A common complication of allogeneic bone marrow transplantation in which functional immune cells in the transplanted marrow recognize the recipient as foreign and mount an immunological attack.
Alloreactive T cell
White blood cell that recognizes a complex composed of a major histocompatibility complex (MHC) molecule and a peptide in which the MHC or peptide are derived from a genetically different member of the same species.
HSP90 inhibitors and DNA damage. HSP90 inhibitors may prove useful when combined with DNA damaging agents, because of their ability to abrogate S and G2/M cell cycle checkpoint controls by promoting the degradation of the client kinases CHK1 and wee1 (ReFS 103, 104) . This and the dependence of DNA polymerase-η on HSP90 (ReF. 82) explain why HSP90 inhibitors sensitize cancer cells to DNA damage independently of p53 status 103 . A Phase I study of the topoisomerase inhibitor irinotecan and 17-AAG reported no partial responses, although tumour shrinkage was seen in six patients 105 . Importantly, the drug combination could be administered with acceptable toxicity at a dose and schedule that resulted in the loss of phospho-CHK1, abrogation of the G2/M checkpoint and cell death in tumour biopsy samples. Another recent Phase I study reported that the combination of 17-AAG and gemcitabine demonstrated clinical activity 106 , and these results have led to a Phase II evaluation of this drug combination in patients with advanced ovarian cancer (NCT00093496). Similarly, radiation produces DNA damage and radioresistance can occur as a result of cell cycle arrest. HSP90 inhibitors have been shown to provide p53-independent radiosensitization in preclinical models and clinical evaluation of this therapeutic combination is being considered 107 . HSP90 inhibitors in leukaemia. extensive preclinical and preliminary clinical data also suggest a benefit of HSP90 inhibitors in acute myelogenous leukaemia (AML) 108, 109 . FLT3, a tyrosine kinase and HSP90 client, is frequently mutated and constitutively active in a subpopulation of patients with AML and is generally a poor prognostic indicator in older patients 110 . However, FLT3 mutation may confer enhanced HSP90 dependence in this haematological malignancy.
Similarly, the dependence of chronic myelogenous leukaemia (CML) on BCR-ABL, a client that is readily degraded in response to HSP90 inhibition 111 , suggests that drug-resistant CML may be an appropriate indication for the use of HSP90 inhibitors, either alone or in conjunction with ABL tyrosine kinase inhibitors (TKIs) 112 . Indeed, BCR-ABL T315I, although crossresistant to all first-and second-line ABL TKIs, and disproportionately represented in patients failing treatment with these agents 113 , remains sensitive to HSP90 inhibition 114 . A Phase I/II clinical trial is evaluating the efficacy of the synthetic HSP90 inhibitor STA-9090 (Synta Pharmaceuticals) in leukaemias, including AML and CML (NCT00964873).
Finally, ZAP70 is expressed in patients with aggressive chronic lymphocytic leukaemia (CLL). In CLL cells, ZAP70 is HSP90-dependent and ZAP70 expression makes these cells highly sensitive to HSP90 inhibition in vitro 115 . Preliminary clinical evaluation of a purinebased HSP90 inhibitor has suggested possible in vivo efficacy in CLL 116 .
HSP90 inhibitors and non-small-cell lung cancer: prevention of the oncogenic switch. HSP90 inhibitors also may be effective in non-small-cell lung cancer (NSCLC). In a recent study, 44% of 29 NSCLC tumours had a deletion on chromosome 14 (14q32. 117 that encompasses HSP90A, and this was correlated with a significant survival benefit. Stratification of these patients by tumour HSP90α expression also demonstrated a significant correlation between prolonged survival and HSP90 level, and this was validated in an additional 307 patients with NSCLC. It would be interesting to determine whether HSP90 expression is predictive of the response of patients with NSCLC to HSP90 inhibitors. Clinical evaluation of several HSP90 inhibitors in NSCLC is currently in progress (NCT01031225 and NCT00431015).
Although HSP90 expression in tumours was not evaluated, clinical data have shown efficacy of HSP90 inhibitors in combination with epidermal growth factor receptor (eGFR) TKIs in NSCLC, even in patients who have progressed on TKI therapy 118 . Preclinical data show that HSP90 inhibitors abrogate the oncogenic switch that allows cancer cells to signal through other receptor tyrosine kinases when one is blocked. Oncogenic switching is frequently induced as a resistance mechanism to TKIs, but most of the induced and/or mutated alternative kinases that have been identified, including HeR2, BRAF, MeT and ALK, are HSP90 clients that are sensitive to HSP90 inhibition 119 . Furthermore, alternative eGFR mutations that provide resistance to TKIs remain sensitive to HSP90 inhibitors 95, 120 . For these reasons, HSP90 inhibitors may emerge as useful agents to combine with TKIs to combat oncogene switch-mediated development of drug resistance in NSCLC and other malignancies.
Pharmacodynamic assessment of HSP90 inhibition
Although in some cases tumour tissue has been available for pharmacodynamic analysis 109, 121 , most pharmacodynamic assays to assess HSP90 inhibition in patients enrolled in Phase I trials have been carried out
Box 3 | HSP90 and modulation of tumour surveillance
The modulation of the host immune system is a promising therapeutic stratagem for treating cancer. Molecular chaperone heat shock protein 90 (HSP90) inhibition affects host immunity in several ways. HSP90 inhibitors promote the transcription of both major histocompatibility (MHC) class I chain-related A and B (MICA and MICB) genes in a panel of myeloma cell lines 102 . Transcriptional upregulation was dependent on heat shock transcription factor 1 (HSF1) binding to the promoter region of both genes. MICA and MICB are ligands for a receptor on natural killer (NK) cells important for tumour recognition and lysis. HSP90 inhibitors increase myeloma cell stimulation of NK cell degranulation, which was prevented with a blocking antibody to their MICA and MICB receptor. These data link tumour cell HSF1 to enhanced host NK cell activity, and suggest that the stimulation of tumour HSF1 activity by HSP90 inhibitors might enhance host tumour surveillance.
The receptor tyrosine kinase ephrin receptor A2 (EphA2) was recently identified as an HSP90 client 172, 173 . EphA2 is abundantly expressed in a broad range of cancers and its expression correlates with poor clinical outcome. Tumour EphA2 is recognized as a self protein by the host and CD8 + T cells are poorly competent to recognize EphA2 + tumour cells in vitro and in vivo. This can be enhanced by pretreating CD8 + T cells with receptor agonists that promote proteasome-mediated degradation of the kinase and its upregulated expression in class I complexes at the cell surface 174 . This is also achieved by HSP90 inhibitors, suggesting that HSP90 inhibitors may significantly improve the anti-tumour activity of host CD8 + T cells. Finally, HSP90 inhibitors may also be useful for selectively preventing graft-versus-host disease, by targeting alloreactive T cells in haematopoietic stem cell transplant recipients without impairing pathogen-or disease-specific immunity 175 .
FDG-PET
A radio-labelled imaging methodology for detecting cancers that relies on increased glucose uptake by the tumour -a characteristic of cancers and other pathologies.
Proton magnetic resonance
The resonance of protons to radiation in a magnetic field. Proton magnetic resonance spectra yield a great deal of information about molecular structure as most organic molecules contain hydrogen atoms that absorb energy of different wavelengths depending on their bonding environment.
Non-ansamycin HSP90 inhibitor
HSP90 inhibitor lacking the benzoquinone ansamycin backbone found in tanespimycin (17-AAG), alvespimycin (17-DMAG) and retaspimycin (IPI-504).
on peripheral blood mononuclear cells (PBMCs). As all HSP90 inhibitors currently under clinical evaluation interact with the N-terminal ATP-binding pocket and are predicted to cause client protein degradation, initial pharmacodynamic assays focused on the evaluation of client protein levels. However, the evaluation of client protein responses in PBMCs, although useful for establishing the biological activity of HSP90 inhibitors in early Phase clinical trials, has proved to be of minimal use in predicting either clinical activity or biological response to HSP90 inhibition in tumour tissue 122, 123 . This is not surprising, as HSP90 inhibitors preferentially accumulate in tumour cells rather than normal cells 124, 125 , and the sensitivity of HSP90 to inhibitors seems to be fundamentally different in tumour cells compared with normal cells 126 . Furthermore, those client proteins most sensitive to HSP90 inhibition (for example, mutated proteins and HeR2) are preferentially expressed in tumour cells. HSP90 inhibitor-induced expression of PBMC HSP70, although useful in establishing biologically active drug dosing, has also not correlated with clinical response 127 . Preclinical data suggest that serum HSP70 levels might be a useful pharmacodynamic marker of drug response. A sensitive high-throughput enzyme-linked immunosorbent assay revealed that serum HSP70 increased several-fold in tumour xenograft-bearing mice, but not in non-tumour-bearing mice, following treatment with an HSP90 inhibitor, perhaps owing to tumour lysis 128 . Given the clear need for alternative pharmacodynamic approaches to monitor the clinical efficacy of HSP90 inhibitors, several non-invasive functional imaging techniques are being explored. Positron emission tomography (PeT) with [ 18 F]fluorodeoxyglucose (FDG-PeT) was incorporated into a Phase I trial of the HSP90 inhibitor IPI-504 in patients with metastatic gastrointestinal stromal tumours 129 . A reduced FDG-PeT signal in tumours correlated with drug dose, and reactivation of tumour FDG uptake correlated with planned breaks in drug administration. Decreased FDG uptake returned on re-dosing with IPI-504. These findings suggest that, at least in highly glycolytic tumours, FDGPeT may provide a useful pharmacodynamic correlate of HSP90 inhibitor anti-tumour activity.
A recent study demonstrated HeR2 PeT to be a sensitive and robust pharmacodynamic assay that is able to monitor tumour HeR2 expression in real time following systemic HSP90 inhibitor administration 130 . These results have been confirmed [131] [132] [133] , and clinical evaluation of 89 Zr-trastuzumab as a PeT imaging agent in patients treated with HSP90 inhibitor is underway (NCT01081600). Similar approaches can probably be developed to image other HSP90-dependent transmembrane kinases; clinical evaluation of 89 Zr-bevacizumab to image veGFR in HSP90 inhibitor-treated patients with breast cancer is in progress (NCT01081613).
17-AAG-dependent tumour metabolic changes have been observed in mouse xenograft models by monitoring total choline intensity with proton magnetic resonance imaging 134, 135 . This non-invasive technique was sensitive enough to detect early tumour drug responses in treated animals and, when considered with data from an earlier study 136 , suggests that altered choline metabolism may be a useful biomarker of response to HSP90 inhibitors.
Developing resistance to HSP90 inhibitors
In preclinical studies, inherent resistance to 17-AAG has been observed in cells with low endogenous expression of NAD(P)H/quinone oxidoreductase I (NQO1) 137, 138 , an enzyme that reduces the quinone moiety of 17-AAG to its dihydroquinone form, which has much improved HSP90-binding properties 138 . Mechanisms underlying the development of in vitro resistance to 17-AAG in glioblastoma cells are consistent with this, and include reduced NQO1 levels, sometimes accompanied by reduced NQO1 mRNA expression, and expression of an inactive NQO1 polymorphism 139 . Importantly, no cross-resistance to non-ansamycin HSP90 inhibitors was seen, and this mechanism is relevant only for drugs containing a quinone moiety.
HSF1-dependent HSP70 and HSP27 induction frequently occurs in response to HSP90 inhibitor treatment 140 . Increased expression of one or both of these proteins in normal tissues may protect them from some of the adverse effects of HSP90 inhibitors, but similar protection is likely to occur in tumour cells. Indeed, silencing of HSP70 and/or HSP27 dramatically increases cancer cell sensitivity to geldanamycin 141, 142 . efforts are underway to discover and validate pharmacological inhibitors of HSP70 (ReFS 143, 144) , and an antisense inhibitor of HSP27 has been described 145 . However, the effect of their combination with HSP90 inhibitors remains to be explored.
Similar to geldanamycin, radicicol binds to the N-terminal ATP-binding pocket of HSP90 (ReF. 146) . Interestingly, a single point mutation in the N domain of H. fuscoatra HSP90 reduces its affinity for radicicol without affecting ATP binding 147 , demonstrating that the appearance of a drug resistance-conferring mutation with no effect on HSP90 function is possible. However, no similar mutation (or polymorphism) in cancer cell HSP90 has been reported.
The co-chaperones CDC37, AHA1 and p23 are highly expressed in cancer cells 40 and their depletion has been shown to increase the efficacy of HSP90 inhibitors. Although the upregulation of one or more of these co-chaperones in response to drug treatment has not yet been reported, it is a possible outcome of prolonged drug pressure. Finally, as discussed above, additional post-translational mechanisms might mediate cancer cell resistance to HSP90 inhibitors 52 .
Alternative methods for targeting HSP90
Coumarin antibiotic HSP90 inhibitors. Although all HSP90 inhibitors currently in the clinic recognize the ATP-binding pocket in the N domain of the chaperone, the HSP90 C domain can also be targeted by drugs, such as the coumarin antibiotics novobiocin, clorobiocin and coumermycin A1. However, the poor affinity of these compounds for HSP90, coupled with their higher affinity for type II topoisomerases, precluded their further evaluation as clinically useful HSP90 inhibitors 17 .
Recently, important advances have been made in improving the affinity of this class of compounds for HSP90 and, at the same time, reducing their affinity for topoisomerase. One such compound, termed F-4, demonstrated superior efficacy to 17-AAG in inducing apoptosis in LNCaP and PC-3 prostate cancer cell lines 148 . Another novobiocin derivative, termed Ku135 (which had an HSP90 binding K d of 1-2 μM), was highly active in Jurkat T cell leukaemia lymphocytes, inhibiting cell proliferation and promoting apoptosis more potently than 17-AAG did 149 . Others have independently evaluated a set of novobiocin derivatives and have identified several promising compounds that have anti-proliferative activity in several cancer cell lines 150 . In X. laevis, novobiocin abrogated heat-induced HSF1 activation and also geldanamycin-stimulated HSF1 activity when the two drugs were used in combination 68 .
Although not yet confirmed in cancer cells, these findings strongly support further medicinal chemistry development and the preclinical evaluation of these and other C domain HSP90 inhibitors in cancer.
Inhibiting HSP90: co-chaperone interactions. Although the N and C domains of HSP90 contain druggable motifs, identifying inhibitors the target primarily hydrophobic protein-protein interaction surfaces has proved to be much more difficult. However, recent molecular docking studies predict that the natural product celastrol, although not uniquely an HSP90 inhibitor, disrupts the interaction of HSP90 with its co-chaperone CDC37, and destabilizes several HSP90 client kinases 151 . NMR spectroscopy has identified a single amino acid in human CDC37 that is crucial for complex formation with HSP90, suggesting additional routes for the disruption of HSP90-CDC37 association 152 . Inhibitors that block the association of specific co-chaperones with HSP90 are a new paradigm for drugging the HSP90 chaperone machine.
Concluding remarks
For many years, the primary function of HSP90 was thought to be the stabilization of proteins and protein complexes in the cytoplasm. Much of the work on HSP90 for the past 20 years has focused on the identification of these HSP90 clients. The identification of clients that are crucial for the maintenance of each of the proposed hallmarks of cancer suggested that cancer itself might be an indication for an HSP90 inhibitor. Indeed, a recent in vitro study identified HSP90 as a suppressor of the mammalian pro-apoptotic protein inositol hexakisphosphate kinase 2 in cancer cells and suggested that HSP90 inhibition should be uniformly cytotoxic to cancer cells 153 . However, data in animal models and 10 years of HSP90 inhibitor clinical trials have shown that this is not the case, and such a simple approach to HSP90-targeted drug development might not be an optimally effective therapeutic strategy.
There are now ample data demonstrating uniquely important roles in cancer for cell surface HSP90, secreted HSP90, HSP90-like chaperones in the mitochondria and endoplasmic reticulum, and HSP90 in the nucleus. Furthermore, the two cytosolic isoforms of HSP90 (HSP90α and HSP90β) may have different roles in cancer because they are not functionally redundant in mammals, at least during embryonic development 154 . In the next 5-10 years, the discovery and validation of isoform-and cell location-specific inhibitors will enlarge the armamentarium of HSP90 inhibitor-based therapeutics.
Finally, global analyses have identified many new potential partner proteins in the HSP90 interactome, and in the past 5 years diverse roles for HSP90 beyond protein stabilization have been identified. Going forwards, the optimal development and application of HSP90-targeted therapeutics will depend on synthesizing information gained from a careful genetic analysis of primary and metastatic tumours with an appreciation of the unique environmental context in which the tumour is thriving at the expense of the host.
